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Abstract
We present an investment analysis tool for natural gas infrastructure development. The model takes a system perspective
and considers all existing infrastructure as well as the potential expansions. We formulate the investment problem as
a deterministic mixed-integer linear program. We extend existing infrastructure analysis models within natural gas
by adding pressure ﬂow relationships and by modeling the gas quality in the transportation system. In this paper we
present the motivation for the model functionality as well as the main components in the model. We also discuss a
relevant investment case from the Norwegian Continental Shelf to exemplify typical model sizes as well as solution
times.
c© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the organizing committee of
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1. Introduction
Investment analysis of petroleum infrastructure has been widely studied. One major motivation for
these studies is the large costs associated with both production facilities and transport facilities related
to, in particular, oﬀshore production. The natural gas value chain also has some special characteristics
that make careful analysis and good decision support tools very valuable. In our study we have used the
Norwegian Continental Shelf as the motivating case. The transport network on the Norwegian Continental
Shelf is the largest subsea gas transport network in the world. It consists of approximately 7800 km of
pipelines with large diameters that are operated at high pressure levels. The production facilities have
mixed characteristics in terms of some ﬂexible production ﬁelds and some ﬁelds that are primarily oil ﬁelds
where the gas production must be maintained in order to keep the oil production level high. The ﬁelds also
produce gas with diﬀerent quality. We model ﬂow through pipelines as a multi-commodity ﬂow where the
commodities are diﬀerent gas components, such as methane, butane, propane, CO2, and H2S. It is important
to keep track of the gas quality since there are speciﬁcations in the market nodes that must be met, with
respect to both the energy content of deliveries in terms of gross caloriﬁc value (GCV) and the maximum
content of CO2. Gas that does not meet the speciﬁcations can be either processed or blended with gas from
ﬁelds with better quality. Deciding between these two options is one of the important choices that must be
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made when designing new infrastructure. The investment costs will normally be lower when quality issues
can be solved by blending rather than extra processing capacity. However, it also leads to a less ﬂexible
system that may reduce the security of supply and total throughput in the system. Reducing production on
ﬁelds with high quality gas implies also a lower production on ﬁelds with gas with lower quality because
they depend on blending with gas of high quality.
The main contribution of our work is a uniﬁed framework for analyzing investment decisions while tak-
ing into account both physical properties of the network and the dynamics of short-term planning. Important
physical properties that inﬂuence the optimal design of the infrastructure are system eﬀects and quality re-
quirements in the market nodes. We use a system perspective where we consider the value chain for natural
gas from production ﬁelds to delivery in market nodes. We perform a portfolio optimization where all ex-
isting infrastructure as well as all potential projects or extensions is included in the same analysis. With this
approach we are able to take into account how the candidate extensions will inﬂuence the operation of the
rest of the network and vice versa.
A tool that has been used by both authorities and companies that invest in natural gas infrastructure is
presented in Nygreen et al. [1]. We build on the investment formulation from this model, and extend it by
more details on the operations of the network (such as pressure ﬂow modeling and gas quality). This way
we can analyze projects such as branch-oﬀs and the trade-oﬀ between processing plants and blending of
natural gas from diﬀerent ﬁelds. The basis for our modeling of the natural gas transport is given in Rømo
et al. [2] and Midthun [3]. A natural gas value chain is also analyzed in Ulstein et al. [4], while Westphalen
[5] discusses models both for natural gas and for electricity. Sullivan [6] and Haugland et al. [7] both review
mathematical programming models for investment analysis in the petroleum sector. A multi-period, non-
linear mixed-integer programming model for oﬀshore ﬁeld infrastructure is presented in van den Heever
and Grossmann [8]. De Jonghe et al. [9] provide an example for equilibrium models analyzing investment
planning while So¨nmez et al. [10] present an investment analysis model for the LNG value chain which also
incorporates uncertainty.
The mathematical model which is the basis for our investment analysis tool can be formulated as a
deterministic mixed-integer linear program (MILP). In this paper, we focus on basic model functionality
which we will discuss in the following section. For a detailed mathematical formulation we refer to Werner
et al. [11]. In Section 3, we present a realistic case study from the Norwegian Continental shelf and focus on
how the model size and solution time depend on several model features. We conclude the paper in Section 4.
2. The mathematical model
In the mathematical model, we can distinguish between modeling design changes in the network and the
operation of the network itself. Both aspects are covered in the same model, but we discern investment time
periods and operational time periods: the decisions made in the investment time periods give the operating
conditions for the operational time periods (in terms of network design and network components), while the
operational time periods determine the cash ﬂow and security of supply in the network. This time structure
is illustrated in Figure 1. The distinction between investment periods and operational periods allows for a
detailed representation of the operational aspects of the network analysis. At the same time we can consider
a suﬃciently long time horizon for the investments while limiting the number of binary variables associated
with the investment decisions.
In the following, we present the main elements of the mathematical model, before we elaborate on two
key aspects of the model, system eﬀects and gas quality.
2.1. Model formulation
The objective of the model is maximization of net present value. For the investment projects we include
costs of installing new infrastructure as well as costs of removing old infrastructure. In addition, there are
operating costs related to maintaining and operating the infrastructure and the production on the diﬀerent
ﬁelds. Revenue is calculated in the operational time periods, and results from sales in contracts and on spot
markets. The resulting cash ﬂows are discounted with a given required rate of return.
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Fig. 1. The time structure used in our model. The square nodes represent investment periods where decisions regarding infrastructure
development are made, whilst the circular nodes represent operational periods where the operation of the network is determined and
revenues and costs are found.
Investment decisions. The investment decisions in the model are whether or not to invest in proposed
projects such as pipelines, ﬁelds, processing plants, landing points, and junction nodes and are, therefore,
modeled using binary variables. A further set of decisions concerns the potential shut-down of projects (with
a cost for their removal). Also existing infrastructure is modeled in this way. All projects have some common
characteristics, such as a time window for investment (earliest and latest start-up time), construction time
(delay between investment decision and time of operation), and costs. In addition, there are characteristics
that are unique for the diﬀerent projects. For the ﬁelds, for instance, we specify reservoir levels, production
rate levels and composition of the gas in the reservoirs. In order to represent diﬀerent ﬁeld development
possibilities at one site, we include several investment projects, each describing one development option.
In such a case, we also add constraints ensuring that only one of the projects can be chosen. Generally,
constraints can also be used to tie projects together in groups such that if one of the projects in the group is
invested in, then the rest of the projects in the group must also be invested in (or only one project from the
group can be invested in).
Operational decisions. In the operational time periods we include constraints for production limits in the
ﬁelds, mass balances in the network, gas quality, market demand, and relationships between ﬂow and pres-
sure. Parameters such as demand and prices often show a seasonal eﬀect in addition to large daily variations.
These variations can inﬂuence optimal network design choices. An investment analysis using average val-
ues over long time periods neglects all short-term variations. This is similar to using a deterministic model
(where the uncertainty is averaged) rather than a stochastic model, and can lead to some of the same eﬀects.
Averaging values ignores their variability, and the network may end up being inﬂexible and unable both to
handle negative events and to take advantage of positive events such as very high prices or high demand. By
considering a ﬁne time resolution for the operational time periods we avoid this challenge and can represent
diﬀerent operating conditions for the natural gas value chain.
2.2. System eﬀects
In a natural gas network it is normally not possible to predeﬁne capacities in the pipelines since the
capacity of one pipeline will depend on how the surrounding pipelines are operated (for a discussion, see
Midthun et al. [12]). The extent of such system eﬀects can be illustrated with a simple investment example
(see Figure 2). The original network, consisting of a production ﬁeld A and a market node B, has a transport
capacity of 51.3 MSm3/d. There are two possible points, “1” and “2”, that can be used to connect market
node C to this network. Even if all pipeline characteristics (except of length) are identical between the two
pipelines, the two connection points will still give two very diﬀerent networks: If we ﬁx the ﬂow between
A and C to 10 units and then maximize the ﬂow between nodes A and B, choosing point “1” gives a ﬂow of
47.5 MSm3/d while point “2” results in a ﬂow of 44.1 MSm3/d.
The capacity in a given pipeline depends, at any point in time, on the pressure into the pipeline, the
pressure out of the pipeline and the pipeline characteristics (such as length, diameter, or friction). The rela-
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tionship between ﬂow, pressure levels, and design parameters can be expressed by the Weymouth equation:
fi j = KWi j
√
p2i − p2j , i, j ∈ N (1)
where fi j is the ﬂow between network nodes i and j when the pressures in these nodes are pi and p j,
respectively. The other pipeline characteristics are aggregated in the constant KWi j . The value of the constant
KWi j is based on the theoretical value found from the characteristics of the pipeline (see, for instance, [13])
and is, when needed, adjusted according to historical observations and tests. This equation can be linearized
by using a ﬁrst-order Taylor expansion around L ﬁxed input and outlet pressure points PIil and POjl for the
pipeline between nodes i and j:
fi jo ≤ KWi j
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
PIil√
PI2il − PO2jl
pi − POjl√
PI2il − PO2jl
p j
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ , i, j ∈ N , l ∈ 1..L (2)
This linearization allows us to analyze large networks and many operational periods. For details regarding
the linearization we refer to Rømo et al. [2]. In our presentation of the pressure-ﬂow relationship we have
assumed that our network is a directed graph such that the ﬂow direction is pre-speciﬁed. The network may
also contain some bi-directional pipelines. These are treated in our model as two separate pipelines with
diﬀerent ﬂow directions. Then, a binary variable indicates which of the pipelines is operated in any given
time period. If we were to include the network downstream of the market nodes, we would also need to
consider network cycles.
A
BC
1
2
Fig. 2. A simple investment problem where a new market node C shall be connected to an existing pipeline going from the ﬁeld node
A to the market node B. There are two potential connection points, “1” and “2”.
2.3. Gas quality
Each production ﬁeld produces gas with diﬀerent quality (diﬀerent composition). In the market nodes
there are requirements on the gas quality, such as GCV and CO2 content. In order to meet these require-
ments, one may process gas in on-shore terminals or blend gas from diﬀerent sources such that the resulting
gas blend meets the speciﬁcations.
Modeling the gas quality leads to the pooling problem (see, for instance, Haverly [14]), which represents
a computationally hard problem. It arises when gas from diﬀerent sources is mixed in a junction node and
then transported in two or more connected pipelines. In this case, one must make sure that the quality of the
natural gas is identical in all pipelines that exit the junction node.
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To illustrate the pooling problem, we refer to Figure 3 and Equation (3). For ease of presentation, our
example comprises just two components, c1 and c2, but the model is not limited to a speciﬁc number of gas
components. For each of the pipelines exiting node i, the composition of the natural gas in the ﬂows ( f )
must be the same (although the volumes may diﬀer, of course). This can be formulated with the following
set of equations:
f c1i j
f c1ik
=
f c2i j
f c2ik
, i ∈ N , j, k ∈ O(i), (3)
where the set O(i) denotes the set of nodes connected to a pipeline exiting from node i. Each equation results
in a bilinear expression, and this non-linearity is approximated through discretization using predeﬁned split
options.
o p
kj
i
Fig. 3. A small network to illustrate the pooling problem. The gas composition in the pipeline from i to j must be the same as in the
pipeline from i to k.
3. Case study
To illustrate the use of the model we use a typical realistic investment case on the Norwegian Continental
Shelf. The investment projects comprise new branch-oﬀs, pipelines to connect to other existing infrastruc-
ture, and extra compression capacity. Figure 4 shows the network infrastructure with the existing elements
in black color and potential investment projects in gray color.
In this investment case we consider in total 201 projects of which 177 are already existing and 24
are candidate projects that can be invested in. These 201 projects comprise 117 pipelines, 7 production
nodes, 12 market nodes, and 65 junction nodes. Of the 65 junction nodes, there are 40 split nodes – that
is, 40 network elements that increase the model complexity due to pooling. This network gives a quite
accurate representation of the network on the Norwegian Continental Shelf although some aggregation and
simpliﬁcations have been made. We have tested our model on this network with a time horizon of 11 years
(11 investment periods) and one operational time period associated with each investment period. We show
results for the model with and without constraints on CO2 content in the gas that is delivered in the market
nodes. The sizes of the corresponding MILP problems and their solution times using XPressMP 7.2 are
given in Table 1. The dramatic increase in solution time is related to the complexity of the pooling problem
as discussed above. When the analysis is performed without constraints on the quality in the market nodes
(or intermediate nodes), we ﬁrst solve the model as a uniform ﬂow and then calculate the resulting quality
in all network elements in a post-processing step, based on the gas composition in the ﬁelds and the ﬂow
pattern given by the model.
4. Conclusions
We presented an investment analysis model for natural gas infrastructure. The model ﬁnds the optimal
network design given existing infrastructure and potential extension projects. We keep a system perspective
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Fig. 4. A typical investment case on the Norwegian Continental Shelf. The squares are production ﬁelds, the triangles are markets
while the ovals represent junction nodes. The arcs that link the nodes are pipelines.
where all projects are considered simultaneously, and where the operational analysis reﬂects the real physical
situation in the whole network. We also illustrate the importance of including aspects such as system eﬀects
and modeling of gas quality for an investment analysis. The short-term variations in demand, prices and
other parameters may inﬂuence the optimal design in terms of both security of supply and proﬁtability.
We handle these short-term variations by associating several operational time periods with each investment
period to evaluate operational feasibility and proﬁtability.
To address uncertainty in the investment planning we are also working on a stochastic model that can
handle both long-term and short-term uncertainty. When the uncertainty is included in the analysis, the
model size increases rapidly, requiring stronger assumptions for the analysis. As such, the two models
will complement each other: The model presented in this paper can be used for a detailed analysis of the
operations on the network, while the stochastic model will be well suited to analyze the impact of uncertainty
– at the expense of operational detail.
 Lars Hellemo et al. /  Energy Procedia  26 ( 2012 )  67 – 73 73
Table 1. Numerical results from solving a realistic investment case.
No quality constraints Limited CO2 delivery
Rows 101,054 327,467
Columns 15,065 145,052
Binary variables 9,553 17,473
Gap 0.01% 0.5%
Solution time [s] 22 5,886
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